Twenty Years of Gas Phase Structural Biology  by Marcoux, Julien & Robinson, Carol V.
Structure
ReviewTwenty Years of Gas Phase Structural BiologyJulien Marcoux1 and Carol V. Robinson1,*
1Chemistry Research Laboratory, South Parks Road, University of Oxford, Oxford OX1 3TA, UK
*Correspondence: carol.robinson@chem.ox.ac.uk
http://dx.doi.org/10.1016/j.str.2013.08.002
Over the past two decades, mass spectrometry (MS) of protein complexes from their native state has made
inroads into structural biology. To coincide with the 20th anniversary of Structure, and given that it is now
approximately 20 years since the first mass spectra of noncovalent protein complexes were reported, it is
timely to consider progress of MS as a structural biology tool. Early reports focused on soluble complexes,
contributing to ligand binding studies, subunit interactionmaps, and topological models. Recent discoveries
have enabled delivery of membrane complexes, encapsulated in detergent micelles, prompting new oppor-
tunities. Bymaintaining interactions betweenmembrane and cytoplasmic subunits in the gas phase, it is now
possible to investigate the effects of lipids, nucleotides, and drugs on intact membrane assemblies. These
investigations reveal allosteric and synergistic effects of small molecule binding and expose the conse-
quences of posttranslational modifications. In this review, we consider recent progress in the study of protein
complexes, focusing particularly on complexes extracted frommembranes, and outline future prospects for
gas phase structural biology.Mass Spectrometry in Structural Biology
TheNobel Prize for chemistry was awarded in 2002 for the devel-
opment of electrospray ionization (ESI) andmatrix-assisted laser
desorption ionization (MALDI), the so-called soft ionization
methods that together revolutionized protein characterization.
These ionization methods have led to the widespread use of
mass spectrometry (MS) in all aspects of the life sciences.
Over the past 20 years, MS has spawned entirely new research
fields, including proteomics andmetabolomics, and created new
combinations, such as the use of MSwithMALDI imaging (Norris
and Caprioli, 2013). For proteomics, enzymatic digestion is used
to generate peptides that can be fragmented to obtain the amino
acid sequence, enabling proteins to be identified from data-
bases (Shevchenko et al., 1996). In a recent impressive example,
protein expression levels and functionalization through post-
translational modifications (PTMs) were deduced for more
than 6,500 predicted proteins of Trichoplax adhaerens (Ringrose
et al., 2013).
In addition to primary sequence determination, when coupled
to a wide range of labeling approaches, MS can also inform on
the higher-order structure and dynamics of proteins and their
complexes. These labeling approaches include hydrogen-
deuterium exchange (Landreh et al., 2011; Wales et al., 2013),
hydroxyl radical footprinting (Konermann and Pan, 2012; Wang
and Chance, 2011), and chemical cross-linking (Leitner et al.,
2010; Sinz, 2006). Limited proteolysis coupled to tandem MS
can also be used to locate accessible residues for structural
elucidation or to improve crystallogenesis (reviewed in Cohen
and Chait, 2001). Recent highlights include hydrogen-deuterium
exchange experiments, used to define changes in the interaction
interface of the heterotrimeric bovine G protein, upon binding of
the agonist-bound human b(2) adrenergic receptor (Chung et al.,
2011). Results reveal higher levels of hydrogen-deuterium
exchange than would be predicted from the crystal structure of
the complex, likely due to the dynamics of the component
proteins and their interaction interface.StructureHydroxyl radical footprinting experiments can also report on
secondary structure and importantly can be used to identify sites
of bound water in cytochrome c and ubiquitin, revealing the milli-
second dynamics of water molecules in protein crevices (Gupta
et al., 2012). Tracking interconverting states using fast oxidative
labeling was also essential to understanding the early submilli-
second folding events of the barstar protein (Chen et al., 2012).
These exciting applications highlight opportunities for probing
previously indefinable protein-water interactions and water
dynamics within proteins and their complexes as well as very
fast protein folding mechanisms.
Chemical crosslinking experiments have recently come to the
fore with distance restraints leading to construction of detailed
models of the human protein phosphatase 2A (PP2A) com-
plexes, linking specific trimeric PP2A complexes to adaptor
proteins (Herzog et al., 2012). Interestingly, in this study, cross-
linking restraints guided molecular modeling of the binding
interface between immunoglobulin binding protein 1 (IGBP1)
and trimeric PP2A and revealed the elusive topology of the
TCP1 ring complex (TRiC) chaperonin, which interacts with a
regulatory subunit 2ABG within the PP2A complex (Herzog
et al., 2012). These labeling experiments are undoubtedly very
powerful, particularly when used in hybrid structural biology ap-
proaches and in combination with information gleaned from the
MS of intact assemblies and their subcomplexes (Robinson
et al., 2007).
Soluble Protein Complexes in the Gas Phase
Compared to the labeling methods described above, MS of
intact complexes was initially met with more skepticism by the
general structural biology community. From the earliest reports
in the 1990s of proteins interacting with ligands, and first obser-
vations of protein complexes in the gas phase (reviewed in Loo,
1997), doubts were expressed as to the significance of these
complexes given the importance placed on water in media-
ting the folded state of proteins (Wolynes, 1995). Initially the21, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1541
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are absent in vacuo, were considered to be too important for pro-
tein structure to be retained. Moreover, the fact that the vacuum
is an apolar hydrophobic medium led to predictions that proteins
would turn inside-out in the mass spectrometer. One contribu-
tion to stability, often overlooked, is the van der Waals attraction
between the residues of the polypeptide. This attractive force
persists in vacuo and likely provides sufficient stability to retain
subunit interactions in the gas phase. Interestingly molecular
dynamics (MD) simulations have also shown that loss of water
molecules upon dehydration could actually increase the number
of hydrogen bonds between residues of the protein, hence
increasing the stability of the protein in the gas phase (van der
Spoel et al., 2011).
Our understanding of the mechanisms enabling protein com-
plexes to be retained close to their native state following loss of
water have been strengthened by 20 years of research. Recent
experimental insights come from electron capture dissocia-
tion (ECD), in which folded structure is more resistant to back-
bone fragmentation (Skinner et al., 2013), and ion mobility (IM)
MS (Wyttenbach and Bowers, 2011), a technique that mea-
sures the orientationally averaged collision cross-section
(CCS) of a protein or its complex. Both of these methods
have shown that compact native-like structures can survive in
the gas phase of the mass spectrometer, at least on the milli-
second timescale, providing that the electrospray conditions
are controlled so that desolvation is achieved with minimal
activation.
The ability to measure CCS and correlate these experimental
values with theoretical cross-sections calculated from X-ray
structures has allowed quantitative comparison to the structures
observed in the gas phase (Bush et al., 2010). While some struc-
tural collapse is evident both in MD simulations and in the CCS
measured experimentally (Hall et al., 2012), much progress has
been made in relating these experimental CCSs to structure.
This has led to the use of CCS restraints to guide structural
modeling of the overall topologies of unknown complexes (Leary
et al., 2009; Politis et al., 2013; Pukala et al., 2009).
Deciphering the subunit composition of protein-protein com-
plexes using MS has long been the hallmark of the MS of soluble
protein complexes. Recently this enabled description of a multi-
part reaction cycle involving complexes formed between Hsp90,
Hop, Hsp70, and FKBP52. By defining a series of KD values, it
was possible to deduce complexes likely to be populated within
the cell (Ebong et al., 2011). Protein-protein interactions within
Mega Dalton virus capsids have also been maintained in the
gas phase, revealing the nature of the interactions between the
viral genome and capsid proteins and prompting a proposal for
the mechanism of the alkaline-triggered uncoating reaction
(Snijder et al., 2013).
As the complexity of soluble proteins studied by MS con-
tinues to grow, this has broadened its application to an ever
increasing series of challenging biomolecules, including those
involved in amyloidosis (Ashcroft, 2010) and in interactions
with nucleic acids (Park and Robinson, 2011). One class of
protein complexes that had eluded MS for more than a decade
was membrane protein complexes, the main focus of this
review. We will trace the history of the development of MS for
these complexes.1542 Structure 21, September 3, 2013 ª2013 Elsevier Ltd All rights rMembrane Protein Complexes at Last
In earlier papers that questioned the folded state of soluble pro-
teins in vacuo, membrane proteins were predicted to retain their
native fold (Wolynes, 1995). The low dielectric interior of lipid
bilayers was suggested to mimic closely the vacuum conditions
of a mass spectrometer (Jarrold, 2007). Given these favorable
predictions for membrane proteins, much effort ensued to
deliver membrane complexes from solution to the gas phase
(Ilag et al., 2004; Lengqvist et al., 2004). While these early
attempts showed great promise in delivering integral membrane
proteins, it was not clear whether specific interactions could be
maintained. A breakthrough in the field came however with the
first demonstration that transmembrane and cytoplasmic sub-
units could be maintained intact in the gas phase of the mass
spectrometer in a heterotetramer (Barrera et al., 2008; Figure 1).
This was therefore an important phenomenological advance
because it implied that once released from detergent micelles,
the hydrophobic environment of the gas phase was sufficient
to maintain interactions in heteromeric membrane protein com-
plexes.
Analogous to the situation for soluble complexes, MS is of
particular interest when applied to the study of membrane com-
plexes of unknown stoichiometry. The fact that this information is
often challenging to obtain from traditional approaches, due to
the presence of the micelle surrounding the membrane protein
changing its biophysical properties, means that MS is emerging
as a powerful tool for the determination of membrane subunit
stoichiometry. Classical methods such as multi angle laser light
scattering (MALLS; Oliva et al., 2004), analytical ultra-centrifuga-
tion (AUC; Howlett et al., 2006), and native gel or size exclusion
chromatography (SEC; Hong et al., 2012) can be used to gather
information concerning the size of a membrane protein. How-
ever, these techniques are of poor accuracy or have inherent
problems due to the presence of the detergent. Both MALLS
and SEC provide information on the entire protein micelle com-
plex rather than the protein alone.
For AUC, the presence of themicelle affects buoyancymaking
the protein ‘‘float’’ and reducing its sedimentation coefficient.
Determination of the molecular mass of a membrane protein
with AUC thus requires the prior quantification of detergent
bound to the membrane protein, typically using radiolabeled
detergent, and a combination of SEC to get the hydrodynamic
radius and sedimentation velocity or equilibrium analysis to
obtain the sedimentation coefficient (le Maire et al., 2008). Alter-
natively, the micelle can be circumvented using deuterated
detergents and performing small angle neutron scattering
(SANS; Wang et al., 2003). A recent method has also been pro-
posed that requires the insertion of the protein of interest into
nanodiscs and uses a combination of dynamic light scattering
and AUC (Inagaki et al., 2013). In this context, the use of MS
to assess the molecular mass and subunit stoichiometry of
intact membrane complexes represents a significant advance
because it allows accurate mass measurement in the absence
of detergent.
Proposed Mechanisms for Release of Membrane
Proteins from Detergent Micelles
The success and potential interest of using MS approaches to
study intact membrane protein assemblies prompted a bettereserved
Figure 1. Progress in Studying Membrane Proteins and Their Complexes by MS over the Past 5 Years
The first mass spectrum of a membrane protein complex with membrane and soluble subunits was recorded for the heterotetramer BtuC2D2. The lipid binding
properties of MacB and MexB highlighted opportunities to study the effects of lipid binding on structure and stability. A representative spectrum of MexB shows
the presence of charge states assigned to the monomer (blue) and trimer (green), allowing homology modeling (Barrera et al., 2009). Analysis of a V-type ATPase
from Thermus thermophilus shows the peaks assigned to the entire complex (purple) and the transmembrane ICL12 subcomplex with lipids bound (green; Zhou
et al., 2011). Drug, lipid, and nucleotide binding to the multidrug efflux pump P-gp were observed, revealing new insights in the transport mechanism (Marcoux
et al., 2013). The entire colicin translocon (yellow), composed of seven membrane and soluble protein subunits, was maintained intact in the gas phase, revealing
insights into the way in which the colicin E9 threads twice through the trimeric OmpF porin (Housden et al., 2013). AnMS study of the F-type ATPase from spinach
revealed the stoichiometry of the entire complex (red stars) and subcomplexes (orange stars; Schmidt et al., 2013). This information was combined with cross-
linking data to model the effect of dephosphorylation on the conformation of this rotary pump.
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micelles are removed in the gas phase. The high collision energy
required to release membrane proteins from micelles implies
that most of this energy is dissipated within the dissociating
detergent molecules. This would protect the membrane protein
complexes from unfolding or dissociation of protein subunits,
as originally suggested (Barrera et al., 2008). Recent evidence
implies that the energy required to release membrane proteins
from micelles depends both on the detergent and protein orStructurecomplex. We will consider the process for empty detergent
micelles first and then those containing a protein.
Considering first the dissociation process of empty detergent
micelles in the gas phase, in the absence of proteins, sizes of
gas phase detergent clusters were compared with solution
phase aggregation numbers. Results clearly showed that the
size and distribution of nC-trimethyl ammonium bromide (ncTAB)
micelles formed in solution were not maintained in the gas
phase (Borysik and Robinson, 2012a), compromising attempts21, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1543
Figure 2. The Release of a Membrane Protein Complex from a Detergent Micelle Is a Balance between Desolvation and Activation
The charge state distribution corresponding to the native pentameric state of the complex is highlighted in the three different spectra recorded under different MS
conditions (shaded peaks). Peaks at m/z 2,000 and 10,000 correspond to dissociated monomer and stripped tetramer species, respectively. The three
spectra depict the importance of finding the right balance between inefficient detergent removal leading to broad charge state peaks (B) while excessive
activation of themicelle leads to disruption of the complex atmaximumcollision energy (A). (C) represents a spectrum recorded under optimalMS conditions. The
inset at the top right depicts this compromise between detergent release, so that well-resolved charge states can be obtained, and excessive activation leading to
unfolding and/or dissociation of subunits.
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ration of neutral detergent molecules appears to be a critical
force in driving micelle dissociation (Borysik and Robinson,
2012b).
The small aquaporin Pagp from Escherichia coli was selected
as a model system to study its mechanism of release from
micelles in the gas phase. Following detachment from dodecyl
maltoside (DDM) micelles, subsequent IM-MS revealed that
this integral b-barrel protein exists in two conformations in the
gas phase: one corresponding to a native-like structure and
the other showing partial collapse of the external loops (Borysik
et al., 2013). Given the low activation conditions required to
release the protein from the micelle, differing numbers of DDM
molecules (from 1 to 6) remained attached to the protein. Sur-
prisingly, the number of bound detergent molecules was found
to be inversely proportional to the population of native-like
protein remaining. This observation implies therefore that the
protein is not protected by the detergent per se but rather by
its release, suggesting amechanism akin to evaporative cooling,1544 Structure 21, September 3, 2013 ª2013 Elsevier Ltd All rights rwhich is proposed more generally for electrospray ions with
solution additives (Bagal et al., 2009).
Our current understanding of the release of protein complexes
from micelles in the gas phase is that internal energy of the pro-
tein in a micelle has to be increased to a level that is lower than
that at the onset of unfolding (Figure 2). Part of this energy can be
dissipated via neutral loss of detergent molecules. The amount
of energy transferred to these detergent molecules depends
on the nature of the detergent, the interface with the protein
and the size of the cluster. This energy component should then
determine the proportion of native-like membrane protein or
complexes maintained in the gas phase.
Lipid Binding to Membrane Protein Complexes
This first mass spectra of an intact membrane protein complex
(BtuC2D2) with transmembrane and cytoplasmic subunits
remaining associated was swiftly followed by reports of five
multidrug transporters (Barrera et al., 2009; Lin et al., 2009;
Velamakanni et al., 2009; Figure 1). Of particular interest in theseeserved
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grated within the structure. The early studies assigned lipids as
being bound at the interface between monomers because lipid
binding was not observed for dissociated subunits.
Taking into account the mass associated with bound lipids
turned out to be one of the defining moments in understanding
the spectra of the rotary ATPases (Zhou et al., 2011). Recording
the mass spectra of rotary ATPases, while undoubtedly chal-
lenging, was not the limiting step; assigning the spectra with
unknown stoichiometries of protein subunits, lipids, and nucle-
otides, associated with the various subcomplexes, was not
possible using the protocols available at that time. This promp-
ted development of new software to simulate and assign mass
spectra from complex heterogeneous assemblies (Morgner
and Robinson, 2012). Comparison of two V-type ATPases from
Thermus thermophilus and Enterococcus hirae clearly showed
different lipid binding patterns in the membrane rings. This high-
lights the ability of the complexes to tailor the lipid plug to adapt
the central orifice of the membrane ring to fit the central rotor.
Interestingly lipid specificity seems to be driven by the size of
both the ring and of the central stalk with which it interacts. A
larger reduction of the membrane ring orifice was observed for
the F-type ATPase from S. oleracea (10–20 A˚ final; Schmidt
et al., 2013) compared with the V-type ATPase form E. hirae
(20–30 A˚; Figure 3); central stalks are 20 A˚ and 50 A˚, respec-
tively. Results therefore suggest that these lipid ‘‘plugs’’
are ubiquitous and function to provide a tight but dynamic seal
between the ring and the central stalk, which forms the rotor.
Drug Binding to Membrane Proteins
Early attempts to monitor drug binding to membrane proteins
were thwarted by the need to remove small molecule detergent
molecules and lipids that mask the presence of potential drug
molecules. The activation energy required to remove DDM
from the EmrE dimer with substrate present also caused the
disruption of the dimeric complex and the release of the small
molecule ligand, observed in isolation (Ilag et al., 2004). These
early studies suggested the possibility, it was not clear that
sufficient resolution would be possible to distinguish drugs
from the plethora of small molecules (detergents and lipids)
that are carried with membrane proteins in micelles.
One of the recent breakthroughs in the field therefore was the
ability to maintain and observe interactions between membrane
proteins and ligands of interest, in particular potential drug mol-
ecules. Removal of endogenous lipids and optimization of the
detergent release from the multidrug efflux pump P-glycoprotein
P (P-gp) enabled us tomaintain interactions in the gas phasewith
different substrates including nucleotides, detergent, lipids, and
drugs (Marcoux et al., 2013; Figure 4). Particularly exciting was
the ability to monitor in real-time the binding of different phos-
pholipids and cardiolipins. Quantifying the various lipid-bound
P-gp species allowed us to measure apparent KD values,
revealing a clear preference for negatively charged lipids. Molec-
ular docking coupled to MD simulations was used to support the
stoichiometries observed in MS and to identify possible binding
sites within the cavity. Concomitant binding of nucleotides and
substrates showed an unexpected synergy between cardiolipin
and cyclosporin A (CsA). IM-MS highlighted an equilibrium
between two conformations, even in the apo form of P-gp.StructureThis equilibrium was readily displaced upon concomitant bind-
ing of nucleotides and CsA, highlighting the potential of this
approach to monitor the effects of small molecule binding on
protein conformational change.
Multiple Interactions with the Membrane
With the successful analysis of membrane proteins from deter-
gent micelles, the next challenge is to consider assemblies that
enter the membrane more than once or span the inner and outer
membranes of gram-negative bacteria. Studying assemblies
that span the membrane in different locations is significantly
more challenging from aMSpoint of view than for a single protein
or complex with only one membrane-spanning region due to the
higher concentrations of detergent necessary to retain solubility
of the two membrane-embedded regions in the electrospray
droplet upon desolvation.
A dramatic example of a protein complex that spans two
discrete regions of the samemembrane is the cytotoxic bacterial
translocon. This translocon is composed of an extracellular sol-
uble DNase (colicin E9) that binds to the small immunity protein
Im9 and the membrane inserted BtuB, passes through the
trimeric b-barrel OmpF, and binds to TolB on the other side of
the outer membrane (Figure 5A). The complex contains two
membrane-embedded components, BtuB and trimeric OmpF,
and therefore presumably requires two detergent micelles to
maintain solubility. Removing the detergent during activation
without destroying any of the interactions between the seven
components is challenging. Remarkably, this assembly survives
in the gas phase (Figure 5B). Moreover, the resolution obtained
with this mass spectrum not only confirmed the subunit compo-
sition, but also revealed the presence of an endogenous lipid
bound to BtuB.
From this MS study, it was also possible to deduce an unusual
threadingmechanismusedbycolicinE9 to tunnel through thenar-
row pores of OmpF and deliver an epitope signal to the cell to
initiate cell death. This threading mechanism was investigated
by titration of trimeric OmpF with a peptide corresponding to
the epitope of colicin E9. This peptide known to thread through
the channel clearly showed three binding events (Figure 5C).
Thesameexperimentperformedon the complex after limitedpro-
teolysis, in which colicin buried within OmpF is protected from
proteolysis, showed only one binding event for the same colicin-
derived peptide (Figure 5D). That the peptide only occupies one
channel in the presence of proteolysed colicin, protected by
OmpF, implies that the colicin occupies two of the three channels
and must therefore thread twice through OmpF, not once as
initially proposed. Titration experiments analyzed by MS and
monitoring of the intensity of the peaks for bound and unbound
complex, as a function of peptide concentration, gave a KD value
of 1.4 ± 0.1 mM for this peptide binding to OmpF. This value is in
excellent agreement with ITC results (Housden et al., 2010).
As reported elsewhere (Kitova et al., 2012) the major sources
of error when calculating KD values from MS data arise from
dissociation of ligands/peptides in the gas phase and/or nonspe-
cific binding of excess ligand that may be present in the electro-
spray droplet. The fact that the peptide binds within the b-barrel
of OmpF, protecting it from CID, could contribute to the accu-
racy of the measurement. A similar protective mechanism was
proposed previously for the binding of lipids in the cavity of21, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1545
Figure 3. Comparing the Lipid Plugs of F-Type and V-Type ATPases
(A) Molecular weight of the lipid bound ring is determined by comparing the molecular weights of different subcomplexes (orange and green), providing the 1:1
protein:lipid ratio needed for modeling of the ‘‘lipid plug.’’ Upon docking of 14 sulpholipids, the diameter of the ring is decreased from 20–25 A˚ to 10–20 A˚.
(B) The protein:lipid ratio for the V-type ATPase from E. hiraewas determined by quantitative MS (Zhou et al., 2011), leading to the docking of 10 cardiolipins in the
cavity. In this case, the diameter of the ring is reduced from 35–55 A˚ to 20–30 A˚, allowing the accommodation of the central stalk. Figures adapted from Schmidt
et al., 2013 and Zhou et al., 2011.
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however, it is likely that activation of the detergent micelle in
the gas phase removes the possibility of excess peptide binding
non-specifically.
Linking Posttranslational Modification with Structural
Change
Of particular interest from a biologic viewpoint is the opportunity
to link PTMs with changes in interactions in membrane and sol-1546 Structure 21, September 3, 2013 ª2013 Elsevier Ltd All rights ruble components of macromolecular machines. Detailing the
PTMs within a complex, while informative, is significantly more
interesting when linked with structural changes that are evi-
denced in themass spectra of intact complexes. This is well illus-
trated in a recent study of the eukaryotic F-type ATPase from
S. oleracea (Schmidt et al., 2013). A number of phosphorylation
sites were revealed in this study and found to align along a crit-
ical interface between the a:b subunits. Probing the effects of
dephosphorylation on this complex revealed that the nucleotideseserved
Figure 4. Synergistic Effect of Nucleotide-, Lipid-, and Drug-Binding to a Multidrug-Resistant Transporter
Mass spectrum of P-glycoprotein is observed bound to ATP (top-left black), cyclosporin A (lower left), nucleotides and CsA (lower right), and CsA and cardiolipin
24:1 (3)–14:1 (CL24) (top right). Peaks assigned to the binding of ATP, CsA, and CL24 are labeled with squares, circles, and triangles, respectively. The first,
second, and thirdmolecules bound to P-gp are labeled blue, yellow, and green in all cases. Arrival time distributions (blue peaks shown next to spectra) show that
P-gp is present in an equilibrium between two conformations when bound to nucleotides or CsA alone. When P-gp binds concomitantly to ATP and CsA or CsA
and CL24, the smaller conformer is stabilized. CsA and cardiolipins were docked onto an inward conformer (Protein Data Bank [PDB] number 3G5U) and onto a
homology model of the outward conformer (based on PDB number 3B60). Nucleotides are represented by blue ellipses (Marcoux et al., 2013).
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than the phospho form. Following up this observation with a
comparative crosslinking strategy, in which protein complexes
were crosslinked and compared before and after dephosphory-
lation, revealed major structural changes in the a:b interface.
These observations prompted the proposal that one role of
phosphorylation was to govern access to these nucleotide bind-
ing sites, protecting access when phosphorylated and releasing
nucleotides in the dephospho form.
A second role for phosphorylation was also revealed in this
study of the F-type ATPase. Comparative crosslinking of protein
complexes before and after dephosphorylation showed that the
epsilon subunit is present in two different conformations: an
extended conformation in which epsilon interacts with the solu-
ble head and a compact folded conformer that makes interac-
tions only with the membrane ring. A critical phosphorylation
site was located at the hinge region between the two a-helical
domains, prompting the proposal that phosphorylation causes
an extension of the epsilon subunit, promoting interactions
with the soluble head and hence arresting rotation. Alternatively,
dephosphorylation reduces unfolding and promotes interactionStructureprimarily with the membrane ring. This ability to link structural
changes with PTMs in membrane-embedded complexes is
particularly exciting given the paucity of approaches for studying
these structures and revealing the consequences of significant
PTMs on structural stability and interactions.
Toward Detergent-Free MS of Membrane Protein
Complexes
High detergent concentrations can lead to disruption of folded
membrane protein structure (Botelho et al., 2006). This could
be problematic during the evaporation of detergent during elec-
trospray, when high concentrations of detergent may exist tran-
siently. This prompted the search for new detergents compatible
with MS. A number of new detergents were reported recently
that show excellent properties in maintaining subunit interac-
tions and in reducing the overall charge on membrane protein
assemblies (Laganowsky et al., 2013).
A further goal for MS of membrane proteins is to move away
from detergent micelles and to mimic the membrane environ-
ment more closely. Newmethods are emerging that are compat-
ible with MS such as amphiphilic surfactants used to deliver two21, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1547
Figure 5. The Oligomeric Colicin E9
Translocon
(A) Schematic representation of the colicin E9
translocon (brown) threading through the trimeric
OmpF (green) and binding to TolB (purple) on the
other side of the membrane.
(B) Mass spectrum of the intact heteroheptameric
translocon released from two micelles consisting
of soluble ColE9, Im9 (yellow), and membrane-
embedded BtuB (blue), and trimeric OmpF with
covalently bound TolB.
(C and D) Titration of OmpF and the translocon
after limited proteolysis (C and D, respectively)
with a cognate peptide. Peaks assigned to zero,
one, and three bound peptides are labelled (black
and blue). Figure adapted from Housden et al.,
2013.
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have also been obtained for nanodiscs with analysis of lipid inter-
actions in intact nanodiscs (Marty et al., 2012b) and release of a
denatured protein via MALDI, as demonstrated recently (Marty
et al., 2012a). The next challenge in this area is to release mem-
brane proteins and their complexes in their native states from
nanodiscs.
Concluding Remarks
In an early ‘‘Ways and Means’’ article in Structure, ‘‘Weighing
the Evidence for Structure’’ (Robinson and Radford, 1995),
we concluded that ‘‘The studies outlined in this article, [lyso-
zyme and GroEL] represent only a drop in the ocean of the
new and exciting applications that are sure to lie ahead.’’
Certainly back in those early days it would have been hard
to imagine that we would achieve conditions whereby it would
be possible to maintain interactions in an intact rotary ATPase
or to observe drug binding and conformational change in an
ABC transporter.
At the start of this research intomembrane protein complexes,
when the first spectra of an ABC transporter (BtuC2D2) had been
recorded in 2008, it was not clear if this would be the only com-1548 Structure 21, September 3, 2013 ª2013 Elsevier Ltd All rights reservedplex that would be successfully trans-
ferred form a detergent micelle to the
gas phase or how widely applicable the
technology would be. Approximately 5
years later, it is clear that MS of mem-
brane complexes is going from strength
to strength and is outperforming initial
expectations, not only in terms of the in-
formation obtained, but also with respect
to the quality of the spectra recorded.
Comparing the mass spectrum of the
homotrimeric MexB with the heterohep-
tameric bacterial translocon, released
from two micelles, is testament to the
methodologic improvements that have
been made (Figure 1). Not only has the
spectral quality improved, but also the
level of information in terms of the novel
threading mechanism (Housden et al.,
2013) and synergistic binding of lipids
and drugs (Marcoux et al., 2013).Further technologic advances are needed to realize the full
potential of membrane protein complex MS. One of the diffi-
culties in studying nucleotide binding to ABC transporters and
rotary ATPases for example is distinction of the various nucleo-
tide bound states. Recent advances for soluble complexes have
highlighted the ability to define ATP binding to the 800 kDa
GroEL complex, enabling an allosteric model to be uncovered
(Dyachenko et al., 2013). Also of particular relevance was the
recent demonstration of an Orbitrap mass spectrometer
(Thermo Scientific) with the exciting potential to resolve nucleo-
tide binding to intact GroEL14-mer, highlighting exciting opportu-
nities to resolve nucleotide-bound states in macromolecular
machines (Rose et al., 2012). While these developments have
not yet been successfully applied to membrane protein com-
plexes, commercial instrumentation now exists, suggesting
that such breakthroughs will not be long in coming.
The tantalizing prospect of watching a membrane protein
pump in action was highlighted recently through observation of
the different conformational states defined for P-gp. It is clear,
however, that only major conformational changes are accessible
to study with IM-MS with current instrumentation. Increasing
resolution in the drift cell is therefore of paramount importance
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CCS. That these conformational states can be influenced by lipid
or drugs highlight exciting new ways to study binding to mem-
brane protein complexes.
Predicting future directions for the MS of membrane protein
complexes is of course no easier now than it was back in
1995 for soluble complexes. For the present, however, the abil-
ity to link changes in PTMs with conformational changes in
membrane motors, together with the capability to study fluctu-
ations of a membrane pump in response to small molecule bind-
ing, have spawned many follow-up studies. The opportunities to
probe complexes that span the membrane more than once, and
the tantalizing prospects of getting closer to the lipid bilayer,
promise to expose some of the elusive details of how multiple
interactions with the membrane are achieved as well as how
the lipid environment responds to protein insertion. Whatever
the future of this research, it is clear that the MS of membrane
complexes is gaining momentum, is here to stay, and is likely
to inspire new experiments to unravel the provocative yet
elusive interplay between membrane proteins and their lipid
environment.
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